ABSTRACT Tick-borne relapsing fever is caused by spirochetes within the genus Borrelia. The hallmark of this disease is recurrent febrile episodes and high spirochete densities in mammalian blood resulting from immune evasion. Between episodes of spirochetemia when bacterial densities are low, it is unknown whether ticks can acquire the spirochetes, become colonized by the bacteria, and subsequently transmit the bacteria once they feed again. We addressed these questions by feeding ticks, Ornithodoros hermsi Wheeler (Acari: Argasidae), daily on an infected mouse during low and high levels of spirochete infections. This study demonstrates that spirochete acquisition by the tick vector can occur during low levels of mammalian infection and that once a spirochetemic threshold is attained within the blood, nearly 100% of ticks become colonized by Borrelia hermsii.
The ability of a tick-borne pathogen to persist in the vertebrate host at a level that supports the microorganismÕs acquisition and transmission by the vector is necessary for the pathogenÕs maintenance in nature. The two families of ticks that transmit viral, bacterial, and parasitic pathogens are the Ixodidae (hard ticks) and Argasidae (soft ticks). The life cycle, feeding behavior, and pathogen transmission dynamics between the two families of ticks differ substantially. For example, Ixodes scapularis Say, the vector of Borrelia burgdorferi and Anaplasma phagocytophilum, has three postembryonic stages (larva, nymph, and adult), with each stage feeding once (Sonenshine 1991) . Furthermore, Ixodes ticks feed for several days with transmission of B. burgdorferi and A. phagocytophilum occurring after 48 h of attachment (Piesman et al. 1987 , Hodzic et al. 1998 .
Argasid ticks within the genus Ornithodoros transmit relapsing fever spirochetes. These ticks progress through many postembryonic stages, with multiple nymphal stages before molting into adults (Davis et al. 1941 , Wheeler 1942 ). The ticks also complete feeding within 15Ð 45 min of attaching onto the vertebrate host (Varma 1961) , during which spirochete acquisition or transmission occurs.
Relapsing fever spirochetes are blood-borne pathogens that achieve upward of 1 ϫ 10 7 bacteria per ml of murine blood (Coffey and Eveland 1967) within days after transmission (Bryceson et al. 1970, Barbour and Hayes 1986) . The spirochetes are initially cleared from mammalian blood by an antibody mediated response (Connolly and Benach 2001, Alugupalli et al. 2003) . However, during the following weeks the dynamics between the host immune response and antigenic variation by the spirochetes causes bacterial densities in the blood to ßuctuate (Stoenner et al. 1982 , Barbour et al. 2006 , at some points dropping below the level of microscopic detection.
Borrelia hermsii, a causative agent of relapsing fever spirochetosis in the United States, is transmitted by the tick vector Ornithodoros hermsi Wheeler (Acari: Argasidae). These ticks are small rapid feeders (Wheeler 1935) , and the average bloodmeal volumes range between 0.23 l for larvae to 20.33 l for females (McCoy et al. 2010) . When a bloodmeal occurs during peak spirochetemia, B. hermsii will efÞciently colonize the ticks (McCoy et al. 2010) . However, given the rapidity of feeding and the bloodmeal volume of the tick , McCoy et al. 2010 , the ability of O. hermsi to acquire and subsequently transmit spirochetes having fed on a host during lower levels of infection is unknown. To address this, cohorts of second stage nymphal ticks were fed on an infected mouse for nine consecutive days, spanning two peaks of spirochetemia. After the bloodmeals and subsequent molting, transmission frequencies were determined by feeding the ticks individually on naṏve mice and by following these animals for evidence of infection.
Materials and Methods
Mice, Ticks, and Acquisition and Transmission Feedings. Animals from the Rocky Mountain Laboratory mouse colony, which originated from Swiss Webster mice, were used in this study in accordance with protocols approved by the Rocky Mountain Laboratories Animal Care and Use Committee (protocol 2009-32) . For all tick feedings, 6 Ð 8-wk-old adult mice were anesthetized with 5 mg/ml Nembutal by intraperitoneal inoculation, 0.1 ml per 10 g body weight.
Ticks used in this study were from an uninfected colony of O. hermsi that originated from ticks collected from Siskiyou County, CA. Initially, a cohort of second stage nymphal ticks was infected by feeding them on a spirochetemic mouse (1.65 ϫ 10 7 spirochetes per ml of blood) two days after the animal was inoculated by intraperitoneal injection with B. hermsii DAH (Schwan and Hinnebusch 1998) . Ticks were maintained at room temperature (20 Ð23ЊC) and 85% RH as described previously (Schwan and Hinnebusch 1998) . After molting, 10 of these ticks were allowed to feed to repletion to infect a single naṏve mouse. This animal was monitored daily for infection by examining blood collected from the tip of the tail vein. When spirochetes were Þrst detected in the blood by microscopy on the third day after tick bite, cohorts of Þve or 10 uninfected ticks were fed on the mouse each day for nine consecutive days. In addition, mouse blood was collected before the ticks fed to quantify spirochete densities ( Fig. 1 ) by bright-Þeld microscopy as described previously (Schwan et al. 2003) . Spirochete quantiÞcation by microscopy is as sensitive as quantitative polymerase chain reaction (PCR), with a recent report indicating that the approximate limit of detection is 10 spirochetes per l of murine blood (McCoy et al. 2010) .
After the feeding on the spirochetemic mouse, 65 O. hermsi in total were held at the same temperature and relative humidity as stated previously. One of the 65 ticks died, two ticks molted into adult females, and all others became third stage nymphs. Transmission feedings were accomplished by allowing individual ticks to engorge on individual naṏve mice, with transmission being deÞned as detecting spirochetes within mouse blood by microscopy or subsequent seroconversion to B. hermsii. Thus, before the transmission feed, serum samples were collected from the mice. In addition, the mice were monitored for 14 d after the ticks fed or until spirochetes were visualized in the blood. The mice that failed to produce a detectable spirochetemia were bled 4 Ð 6 wk after tick feedings to collect serum samples to determine whether the mice seroconverted to B. hermsii.
Immunoblotting. Immunoblotting was performed as described previously (Schwan et al. 1989) . B. hermsii DAH whole-cell lysates were electrophoresed and transferred onto nitrocellulose by using the iBlot dry blotting system (Invitrogen, Carlsbad, CA). Membranes were probed with pre-or postinfection serum samples (1:200 dilution), with the secondary molecule being horseradish peroxidase-rec-protein A (Invitrogen) (1:4,000 dilution). The positive control serum samples that we used were from mice that were infected by tick bite. Immunoblots were developed by chemiluminescence using the ECL Western Blotting Detection Reagents (GE Healthcare, Pittsburgh, PA). Seroconversion was deÞned as the detection of Þve or more bands on a given immunoblot in the postexposure samples compared with the preexposure samples.
Immunofluorescence Assay (IFA). IFAs were performed on the salivary glands and midgut from O. hermsi as described previously (Schwan and Hinnebusch 1998) . Transmitting (positive control) and nontransmitting ticks were dissected, and the midgut and salivary glands were rinsed with phosphate-buffered saline containing 5 mM MgCl 2 , squashed onto glass microscope slides, air-dried, and Þxed with acetone. The tissues were probed with rabbit anti-B. hermsii polyclonal serum at a dilution of 1:50 followed with a goat anti-rabbit secondary antibody labeled with ßu-orescein isothiocyanate (Kirkegaard and Perry Laboratories, Gaithersburg, MD). Spirochete colonization of the midgut and salivary glands was determined by microscopy using an Eclipse E800 epißuorescent microscope (Nikon, Melville, NY).
Results and Discussion
The primary goal of this study was to determine spirochete acquisition and subsequent transmission by O. hermsi when the ticks were fed with varying densities of spirochetes circulating in the host blood. In total, 31 of 64 (48%) ticks transmitted B. hermsii as determined by detecting spirochetes by microscopy in the blood of the mice they fed upon (Table 1) . Immunoblotting conÞrmed that the remaining 33 mice had not seroconverted to B. hermsii, supporting our conclusion that the animals had not been infected (Table 1) . When O. hermsi were initially fed on days 7 and 8 (Fig. 1) , at the time when spirochetes were undetectable in the blood, there was no evidence supporting the acquisition of B. hermsii by the ticks. Interestingly, spirochete colonization of salivary glands was detected in four ticks that that failed to transmit B. hermsii (Table 1) .
Spirochete colonization of nontransmitting ticks (Table 1) was Þrst described by Wheeler (Wheeler 1938) . Larval O. hermsi were initially fed on a spirochetemic mouse, and after molting into Þrst-stage nymphs, individual ticks were fed again on naṏve mice to determine transmission. Wheeler reported that 6% of the Þrst stage nymphs transmitted spirochetes upon feeding. These ticks were fed again after molting into subsequent developmental stages with 20% of the second-stage nymphs, 42% of third-stage nymphs, and 75% of the adults transmitting spirochetes (Wheeler 1938) . Although O. hermsi are rapid feeders (Wheeler 1935) , the progressively larger bloodmeals and longer feeding times taken by late-stage nymphs and adults may explain the higher transmission frequencies from these ticks. In addition, B. hermsii replication within the tick may also explain WheelerÕs Þndings. For example, exploiting the ability of a microorganism to replicate within its given vector can determine whether the mammalian host upon which the vector originally fed upon was infected. This xenodiagnostic method has previously been used for detecting chronic infections caused by B. burgdorferi and Trypanosoma cruzi when these microorganisms are below the level of detection within the mammalian host (Dias 1934 (Dias , 1936 Maekelt 1964; Piesman et al. 2001) . However, the inability to detect spirochetes within O. hermsi after the ticks fed when B. hermsii was undetectable within murine blood (Table 1) supports two scenarios. First, B. hermsii may not replicate within the tick as suggested previously (McCoy et al. 2010) , or the level of murine infection was below a threshold supporting B. hermsii acquisition by the tick.
Quantifying spirochete densities during the acquisition bloodmeal indicated that spirochete colonization within ticks and subsequent transmission is dependent on the bacterial densities during the initial bloodmeal (Table 2) . Furthermore, our results indicate that once a spirochetemic threshold is attained within murine blood (between 1 and 15 spirochetes per l), B. hermsii colonization of ticks is extremely efÞcient (Fig. 2) , with as few as 15 spirochetes per l sufÞcient to colonize 50% of ticks. Although technically challenging, determining the minimum infectious dose in murine blood needed for tick colonization would be interesting with regard to spirocheteÐvector competence.
Given the spirochete densities were low but detectable during the acquisition bloodmeals on days 6, 9, and 10, and that all these ticks fed to repletion, the absence of B. hermsii in some of these ticks was unexpected. Spirochetes were not detected in 1 of 5, 5 of 10, and 3 of 10 ticks that engorged on days 6, 9, and 10 of the acquisition feed, respectively (Table 1) . Nakajima et al. (2001) reported increased transcript levels of antimicrobial defensins within Ornithodoros moubata within a week after engorgement. Up-regulation of these molecules within the midgut (Nakajima et al. 2002) and hemolymph (van der Goes van NatersYasui et al. 2000) represent two hostile environments a Bloodmeals occurring during high-levels of infection (days 4 Ð 6 and 11 of the acquisition feed).
b Bloodmeals occurring during low-levels of infection (days 7Ð10 of the acquisition feed). within the tick that spirochetes must contend with to colonize salivary glands. Moreover, a recent report determined that when O. hermsi fed on mice during high spirochete densities within the blood, a 10-fold reduction of the B. hermsii occurred within the ticks 5 d after engorgement (McCoy et al. 2010) . Together, these Þndings suggest that relapsing fever spirochetes may be exposed to host defenses and that the likelihood of tick colonization by B. hermsii is directly dependent on the number of spirochetes ingested during the bloodmeal.
Environmental adaptation is critical for pathogen survival. Vector-borne bacteria (Young et al. 1986 , Eriks et al. 1993 , Barbour et al. 2006 , viruses (Diallo et al. 2008) , and protozoa (Howell et al. 2007 , Ueti et al. 2008 have evolved mechanisms to persist in their hosts, supporting the pathogenÕs maintenance. Although the genetic factors required for tick colonization are unknown, relapsing fever spirochetes have adapted to mammalian blood by evolving a mechanism to temporarily evade the host immune response. Through genetic recombination of genes that code for variable major proteins (Barbour et al. 2006) , the spirochetes achieve repeated high densities within the blood, facilitating bacterial acquisition by the small fast feeding O. hermsi (Wheeler 1935) . In addition, this report further demonstrates the importance of B. hermsii to repopulate the blood, thus enabling ticks to again acquire and be colonized by spirochetes even during lower levels of infection.
